Abstract Discarded rusty iron objects in the environment adsorb trace plutonium mobilized by oxygenated surface waters (e.g. rain, snow melt). Radiochemical and mass spectrometric analysis of the surface oxide coating of modest collections of rusty nails retrieved from remote locations provides a global fallout plutonium signal of up to 2 9 10 10 atoms of 239 Pu per sample. The median 239 Pu measurement for 10 samples from five locations was 2.82 9 10 9 atoms. The average 240 Pu/ 239 Pu atom ratio was 0.176 ± 0.012, consistent with the value accepted for global fallout.
Introduction
The deposition density of plutonium in the continental United States from atmospheric nuclear testing is about 76 Bq/m 2 , corresponding to ca. 5.4 9 10 13 atoms 239 Pu/m 2 [1] . Once introduced into the environment, Pu will be subject to the natural environmental processes of the Earth System. Weathering through the action of water and wind is expected, over time, to redistribute and dilute the element throughout the environment. In opposition to these forces are unique geochemical characteristics that can locally concentrate the element with certain mineral or humic phases [2, 3] . Although plutonium is strongly associated with sediments and surface soils, its favored thermodynamic form when exposed to oxygenated surface waters is the soluble, and therefore potentially mobile, plutonyl species, [Pu(V)O 2 ] 1? [4] . This geochemical behavior has inspired an interesting hypothesis in our lab concerning the fate of ultra-trace plutonium potentially dissolved in surface waters. Natural solutions that contact rusty iron artifacts may deposit mobilized plutonium onto the surface of the object. To test this idea, collections of rusty nails and other artifacts of contemporary society were retrieved from remote sites in Colorado and New Mexico. Abandoned U.S. Forest Service fire-watch towers, small-scale mining sites, or nearly any place that people frequent, were found to provide a reliable source of discarded nails, rusty cans and bottle caps. The items were collected and returned to the laboratory for radiochemical and mass spectrometric analysis of their surface oxide coating. Initial studies focused on the measurement of plutonium using alpha spectrometry of purified and electroplated samples. Subsequent analysis using inductively coupled plasma-mass spectrometry (ICP-MS) has provided isotopic data to characterize the source of plutonium in these environments.
Materials and methods

Sample collection
The samples analyzed in this study consisted of rusty iron objects discarded into remote environments. The most common artifacts were iron nails scattered onto surface soils. The original boards that the nails must have held together were generally in various stages of partial to complete decomposition. In some cases a particular site also contained rusty wire or flattened rusty cans that had been discarded by their original owner. Sample collection information is shown in Table 1 .
Sample preparation
The samples were prepared for analysis in a low-level radiochemistry laboratory. Each sample (e.g. dozen nails) was transferred to a suitably sized Pyrex beaker or Erlenmeyer flask and immersed in 3 M HCl to dissolve the surface oxide coating. This step varied from 2 to 5 h depending on sample size and oxide thickness. At the end of the leach process bare metal was generally observed and the rate of H 2 production noticeably increased. The sample was then removed with clean forceps and rinsed with dilute HCl. The resulting yellow solution (also containing some insoluble material) was first heated to boiling then filtered using a Whatman Filter paper (#541) folded into a large plastic funnel into a pre-tared Nalgene bottle of appropriate volume.
Plutonium purification
To the stock leach solution was added a weighed aliquot of 242 Pu tracer (SRM 4334G) to provide ca. 4.11 dpm or 1.16 9 10 12 atoms. The solution was divided into a suitable number of 150 mL Falcon centrifuge bottles (generally 75-100 mL/bottle). To each bottle was added 5 mL saturated NH 2 OHÁHCl and 5 mg La carrier. After standing at RT overnight, conc. HF was added to make each solution approximately 2.5 M in [F -]. After 30 min the solution was centrifuged for 30 min at 4,000 rpm to separate the LaF 3 precipitate. The supernatant was decanted and discarded, while the LaF 3 precipitate was redissolved in 1 mL saturated H 3 BO 3 /1 mL conc. HNO 3 . The dissolved LaF 3 solutions from one original sample were then combined and diluted to 10-15 mL with 7.2 M HNO 3 . One drop of 10 M NaNO 2 was added to adjust the Pu oxidation state to ?4. The sample was loaded onto an anionexchange column (Bio-Rad Bio-Spin-732 Chromatography Column, 0.75 mL AG MP-1 resin, 50-100 mesh, preequilibrated with 7.2 M HNO 3 ) and rinsed with 2 9 5 mL 7.2 M HNO 3 . The column was then washed with 3 9 2 mL conc. HCl containing one drop of conc. HNO 3 and then 3 9 2 mL 7.2 M HNO 3 . The Pu fraction was then eluted into a clean Pyrex cone with 3 9 2 mL conc. HBr. This solution was then evaporated to dryness using a hotblock, redissolved in 0.5 mL conc. HNO 3 and evaporated again. For alpha spectrometric assay the sample was electrodeposited onto a one-inch stainless steel disk from NaHSO 4 /Na 2 SO 4 buffer (2 mL 5 % NaHSO 4 /4 mL 15 % Na 2 SO 4 /4 mL D.I. H 2 O). In general the chemical recovery for plutonium alpha spectrometric analysis for these atypical iron oxide samples was reliably 85-90 %, except in one case (DL-100829) where the yield of the electroplated sample was only 10 %.
After alpha assay, the electroplated Pu sample was dissolved from the stainless steel planchette by immersing the sample in 10 mL 7.2 M HNO 3 and heating to boiling over a burner. The cooled solution was transferred to a clean flask and the 7.2 M stripping procedure repeated two more times. The Pu containing solution was then evaporated to dryness and repurified using the Pu anion-exchange method detailed above. The pure sample was then dissolved in 3 mL 2 % HNO 3 for ICP-QMS analysis.
Alpha spectrometry
Energy resolved alpha spectra were acquired using a low background ORTEC Octete ? 8-channel alpha spectrometer equipped with a 19 keV FWHM 300 mm 2 Si-detector. Reported results are based on 5,000-minute count times. The minimum detectable activity for 239?240 Pu was 0.002-0.003 dpm.
Plutonium ICP-QMS Data was acquired using a Thermo Fisher Scientific X-series II ICP-QMS (Bremen, Germany). Details of the instrument set-up and acquisition parameters are shown in Table 2 . Instrument dead-time constant was set to 37 ns [5] . Instrument performance and potential mass bias corrections were monitored for plutonium analysis using a dilution of NIST SRM 949f and NBL CRM 128. The 238 UH ? / 238 U ratio (*5 9 10 -5 ) was measured using a dilution of NIST U960 and was used to correct the 239 Pu ? contribution to the measured signal. The analytical method and data reduction protocol were validated through repeated Pu determination and 240 Pu/ 239 Pu measurements of dissolved aliquots of NIST SRM 4353A. Laboratory process blanks were analyzed in parallel with each environmental collection and were used to calculate the limits of detection at m/z = 239 and 240 as 3.5 9 10 7 atoms and 1.6 9 10 7 atoms, respectively. Plutonium ICP-QMS results were obtained for all the samples analyzed in this study. In two cases it was decided to combine two individual samples from one location in order to improve the precision of the ultimate 240 Pu/ 239 Pu measurement. The two samples from Dome Lookout, NM were isolated in low yield (DL-100829) or contained a small total Pu concentration (DL-101115). Similarly, samples MS-100905-01 and MS-110530 were combined prior to subsequent ICP-QMS analysis. For these two cases the precision of the 240 Pu/ 239 Pu measurement was ultimately better than 2.5 % because of the increased instrument count rate recorded at m/z = 240.
Results and discussion
Tabulation of the analytical results is presented in Table 3 . A graphical presentation of the total 239 Pu atoms/sample versus 240 Pu/ 239 Pu is shown in Fig. 1 . The alpha activity of isolated 239?240 Pu and 238 Pu was directly measured for samples collected from the first three locations. Samples from the last two locations were analyzed by ICP-QMS and the 239?240 Pu activity/sample was calculated from these results. The nature of the sample-set varied considerably in total surface area. As a consequence the observed activity of 239?240 Pu per sample varied by about two orders of magnitude from ca. 0.02-2 dpm ( 239 Pu = 2.4 9 10 8 -2.2 9 10 10 atoms). Control experiments carried out on new, unexposed nails revealed no detectable 239?240 Pu activity upon complete dissolution and radiometric analysis. For the environmental samples the lowest activity result was obtained for an analysis of the surface oxide coating of just four nails. The highest isolated plutonium activity was obtained for larger samples of more than a dozen nails or in one case, for a weathered rusty can. The median 239?240 Pu activity of 0.25 dpm/sample compares to the median regional soil concentration of 0.023 dpm/g [6] . By way of analogy, the plutonium concentration adsorbed into the oxide coating of about a dozen rusty nails is thus comparable to the activity expected in a typical 5-10 g soil sample. The average 240 Pu/ 239 Pu atom ratio for this regional collection was 0.176 ± 0.012, which compares to the value of 0.180 ± 0.014 (2 sigma) reported by Kelley et al. [7] for global fallout in the northern hemisphere.
Detection of plutonium in the surface oxide coating of rusty objects implies aqueous transport and therefore reflects the aqueous geochemistry of Pu in surface environments. Similar behavior of trace metal adsorption to natural iron-manganese oxide coatings has been exploited profitably for mineral exploration and geochemical survey [8, 9] . The results of this study suggest that analysis of the surface oxide layer of rusty nails or similar items will provide an efficient and simple technique to characterize trace-level plutonium contamination in the environment.
A remaining challenge is placing an individual result into a broader context. In order to compare and evaluate results from different samples, possibly from different locations, a method to normalize the plutonium measurements to a relevant concentration scale is needed. Given diversity in total surface area and time of environmental exposure, the absolute Pu concentration measured for an individual sample will vary widely. A successful strategy to place results of this type onto a relevant concentration scale should help improve the utility of the measurements. One technique is suggested by the similar geochemical characteristics of uranium compared to plutonium. It's expected that natural uranium will be co-adsorbed into surface oxides along-side Pu through a similar mechanism (e.g. [UO 2 ] 2? ? Fe/Fe 2 O 3 /UO 2 ). Therefore, the measured Pu/U ratio in surface oxides may provide a useful concentration proxy that reflects the relative concentration of dissolved Pu and U in natural waters. It's hoped that this approach can ultimately be used to assess aqueous mobilization of Pu in the environment. 
Conclusions
Rusty metal artifacts exposed in the environment adsorb trace plutonium carried by natural waters. Compared to whole soil analysis that can contain Pu adsorbed to mineral surfaces as well as isolated fallout particles, the surface oxides of rusty nails will reflect that part of the environment, which is specifically carried by surface water.
